Abstract. We consider the use of Electron-Nuclear Double Resonance (ENDOR) techniques in quantum computing. ENDOR resolution as a possible limiting factor is discussed. It is found that ENDOR and double-ENDOR techniques have sufficient resolution for quantum computing applications.
Introduction
Recently, one of the authors presented arguments that the Electron Nuclear Double Resonance (ENDOR) process may be exploited for the storage and processing of discrete data on a quantum scale 1-6 . The implication is that a solid state realization of a quantum mechanical computer could be engineered. Among the advantages are that such a solid state quantum computer would be stable, programmable, and input/output (I/O) controllable by current state-of-the-art technology. It could be envisioned, in principle, to be "engineerable" for considerably lower per unit cost than quantum computers operating on the principle of induced quantum superposition and entangled states of trapped ions 7 , or photon states using microcavities 8 . Furthermore, solid state ENDOR is a well established procedure (established by Feher 9 in 1959) , and laboratory components are commercially available at reasonable costs. The present paper is a proposed novel quantum computing paradigm based upon the use of multipulse resonance techniques to manipulate nuclear spins of a mostly relatively low dimensional ensemble deviation from thermal equilibrium 10 . The new paradigm builds upon a previously proposed paradigm which utilizes well established techniques from nuclear magnetic resonance (NMR) spectroscopy 11 . An obvious advantage to using superposition of nuclear spins for quantum logic gates, and nuclear spin flips to conduct quantum computing, is the possibility of extraordinary long decoherence times due to the relative isolation of nuclear spins within a molecule. A disadvantage is related to this, and that is the length of time required to couple information in and out of a system and manipulation during computation. Another disadvantage is that nuclear spin flips are induced at radio frequency (rf) wavelengths, and so quantum computation is restricted to temporal unitary evolution and is entirely non-local.
In the present paper, we propose a scheme based upon Electron Nuclear Double Resonance (ENDOR) as a means to practical quantum computation. The proposed scheme builds from the previous proposals which use NMR spectrographic techniques 10,11 , but trades reduction in decoherence time by electron spin, nuclear spin coupling, but gains in high I/O bit rates and stronger coupling to manipulate computation. Also, we shall point out that sequential spatially dependent architecture is possible using laser electronic excitation to manipulate electron spin coupling to nuclear spins.
A brief discussion of Electron Spin Resonance (ESR) and ENDOR will be presented in the next section. Our novel paradigm for quantum computing using laser-induced electronic excitation and ENDOR will be discussed in Section 3, and Section 4 will be used for summary and conclusion.
ESR and ENDOR Background
The theory of ESR is derivable from the Dirac theory and will not be treated here, but may be found in the literature 1-6, 9, 12-13. Here, we simply state the essential spin Hamiltonian and discuss its interaction terms,
The first and second terms correspond to the Zeeman energy contributions due to the electron sin, S, and nuclear spin, I, coupling to the magnetic field H. Here, g is the coupling tensor in units of the Bohr magneton β and g N is the nuclear spin coupling tensor in units of the nuclear magneton, β N . The third term in the Hamiltonian is the Zeeman interaction associated with the coupling between the magnetic moment due to the electron's intrinsic spin and that due to the electron's orbital momentum in a bound state. This term contains information about electronic defect states with different microscopic properties through measurement of shifts in g-value of a paramagnetic site. The last term is the hyperfine term which expresses the magnetic interaction between the nuclear and electronic spins due to overlap of the electronic wave functions with nuclear spins. This term, governed by the interaction tensor A, depends upon nuclear spin contact interaction with electronic wave functions and can be nearly isotropic, as with nearly s-type electronic orbitals, or anisotropic as for p-or d-like orbitals. By analyzing the energy contributions in the hyperfine term, the nature of the spin center (type of electronic state) can be determined.
Electron Nuclear Double Resonance (ENDOR) provides the capability to more closely examine the anisotropic hyperfine interaction in terms of the atomic and electronic interactions at the paramagnetic centers. Ions or free radicals trapped in a solid lattice experience perturbations in their energy levels as expressed by this matrix. These perturbations can affect the spin transition dynamics of the paramagnetic species, and be detectable by Electron Spin Resonance (ESR). ENDOR allows the hyperfine and spin lattice relaxation phenomena to be measured by detecting the Nuclear Magnetic Resonance (NMR) signal as a change in the ESR spectrum.
In ENDOR, the nuclear spins are modulated by addition of a transverse rf field, while the electron spins are driven by a transverse microwave (MW) field. A simplified version of the ENDOR process can be illustrated by the simplified version of Eq. (1),
where we have neglected spin-orbit coupling, which in many cases is quenched 12 .
The eigenenergies associated with H, Eq. (2), in terms of the appropriate quantum numbers are given by
where we assume that the electronic Zeeman energy, given by the first term, and the hyperfine energy, the second term in Eq. (3), are much larger than the nuclear Zeeman energy. The corresponding energy level structure, together with the ordering of the energy levels and transitions in terms of the quantum numbers is illustrated in Fig. 1 .
Provided δ • 0, transitions |4〉 → |2〉 and |3〉 → |1〉 cause simultaneous electron-nuclear double spin flips at the transition energy -ω = 2∆. Whereas, transitions |4〉 → |1〉 and |3〉 → |2〉 correspond to electron spin flips only, but at the transition energy -ω = 2∆ + 2δ. The usual ENDOR procedure requires that the electronic transition be saturated using a microwave field at frequency ω = 2∆ / ! ; then nuclear spin flips are induced with an rf field at frequency Ω = 2δ / ! and appear as modifications in the electron spin-resonance spectrum.
To date, the most prevalent application of the ESR process in solid state materials is the determination and characterization of defect structures. As discussed above, the hyperfine interaction between the magnetic moments of an unpaired electron and neighboring nuclei can yield this information. The hyperfine interaction is sometimes not well resolved due to lattice phonon modes. This is especially true of the super- hyperfine interaction or ligand hyperfine interaction that appears in the ESR spectrum as an interaction between the magnetic moment of an unpaired spin and its nearest neighbor nuclei. To the untrained eye, this broadening effect appears as a fundamental resolution limitation of magnetic resonance techniques. However, in the ENDOR process, the NMR transitions of neighboring nuclei interacting with the unpaired spin are measured by detecting their influence on the unpaired spin's polarization under favorable signal-to-noise experimental conditions (partially saturated spin-resonance condition). These ENDOR-detected NMR transitions are detected as quantum mechanical transitions of much higher energy than would be observed in conventional NMR or ESR techniques. This implies that there are far fewer lines in the ENDOR spectrum to resolve than in the conventional ESR or NMR spectra. This is shown schematically in Figure 2 for the spin 1/2 system where we note that the ENDOR transition (cross transition) is larger than, and fewer in number than, either the ESR or NMR transitions. The effect is more noticeable for higher order spin systems (I = 3/2, …, etc.). This enhancement has been reported experimentally in SrFCl and BaFCl systems 14-16 . A strong advantage associated with the paradigm presented here is the possibility to control the transferred hyperfine interaction, the tensor A in Eq. (1), used as a generic example and illustrated in Fig. 3a . Here, an unpaired electron orbital associated with atom, A, is represented as an s-state in the electronic ground state, without any overlap of the wave function at the nucleus of atom, B. Laser excitation of atom, A, on the other hand, induces an electronic transition to a p-orbital or dorbital, with consequent overlap of the electron wave function at the nucleus, B, inducing S A , I B electron spin, nuclear spin interaction, as shown in Fig. 3b . If a microwave field is tuned to the transition shown in Fig. 1 , a simultaneous electron spin S A , nuclear spin, I B , transition, double spin flip is induced. Thus, nuclear spin flips can be controlled in atom, B, by electron spin flips controlled by laser-induced transferred hyperfine interaction 17 .
This scheme constitutes a significant modification of the NMR quantum computation of Refs. 10-11. Here, we use that paradigm to build a controlled NOTgate conditional on a reference nuclear spin, but introduce laser field-induced electron spin, nuclear spin coupling by laser-induced transferred Fermi contact interaction. Thus, input/output and control can be executed locally under unitary time evolution, U = exp( / −i Ham t ∆ ! ), and the laser field can be used to induce π-pulse excitation/de-excitation of duration ∆t in sub-picosecond time scale. Thus, decoherence can be minimized and control can be executed on the ultrafast time scale. In essence, we trade off some decoherence for fast local control. It is also possible to utilize Double-ENDOR (D-ENDOR) effects to increase the spectral resolution. In D-ENDOR, two NMR transitions are stimulated while the ESR transition is measured. In this case, typical improvements of a factor of 10:1 in resolution are obtained 18 . In addition, Optical Detected Magnetic Resonance (ODMR) has the potential for increased output resolution. 
Quantum Logic Circuits
Recently, quantum mechanical Hamiltonians for logic gate elements have been derived for: NOT 18 , exclusive OR 19, 20 , and controlled-NOT (C-NOT) 10 operations. The former papers concerned theoretical derivations while in the latter paper by Gershenfeld and Chuang, NMR transitions were experimentally demonstrated to realize a C-NOT operation in hardware. This experiment, when taken along with earlier work 1-6, 18-20 , leads us to propose an ENDOR-based process paradigm for realization of higher complexity quantum logic gates. Consider a spin system consisting of a "free" spin (electron or hole) in some photoactive crystal or polymer, its nearest neighbor nucleus B and its second nearest neighbor nucleus C, as illustrated in Figure 4 
Conclusion
We have proposed a new paradigm for quantum computing which begins with the construction of a quantum controlled-NOT gate as prescribed in Reference 10, which uses a non-equilibrium ensemble of nuclear spins. The experiments of Gershenfeld, et al. have demonstrated exceptionally long decoherence times due to the relative isolation of nuclear magnetic moments to externally induced transitions. Our scheme introduces a higher-order process by coupling electron, nuclear double resonant super-hyperfine transitions, controlled by laser-induced electronic transitions. The advantages of this scheme are that each complex molecule becomes, in and of itself, a quantum computer and the entire system represents massive parallelism. In addition, we have shown that laser-induced electronic excitation renders local control of gate preparation, spin flips, and input/output which can take place on the sub-picosecond time scale. Here, we trade long decoherence times, intrinsic with nuclear spin flips, with controlled coupling with electron spin flips by transferred or super-hyperfine interactions. The latter is regulated, i.e., on or off, by laser field π-pulse electron excitation/de-excitation. We hope that this will lead to near-term experimental investigations.
References

